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Skeletal muscle is the single largest tissue in the body, making up 25-50% of one’s total body weight. As
radiologists, we image many of the body’s 434 muscles each day -- both intentionally and incidentally. When
evaluating the health of muscle, our most sophisticated radiological technique is MRI [1-2]. In this session, we
review four topics that aid in understanding and diagnosing injuries of muscle: [I] normal anatomy; [II] MRI
indications and technique; [111] pathological conditions; and [IV] differential diagnosis and diagnostic pitfalls.

I. NORMAL ANATOMY
ORGANIZATION OF MUSCLE

Muscle is a complex organ. The basic structural element of skeletal muscle is the muscle fiber. These fibers are
grouped into fascicles, and the fascicles are grouped into muscles. Muscles, in turn, are arranged into compartments
that are bounded by connective tissue termed fascia. Fascia plays a fundamental role in the pathogenesis of certain
muscle disorders (e.g., compartment syndrome, fascial herniation) and influences the extent of others (e.g., spread of
tumor and infection).

COMPARTMENTS

Given that there are hundreds of muscles in the body, the easiest way to conceptualize the location and function of
muscles is to become familiar with compartmental anatomy. For example, in the mid-thigh, three compartments are
present: anterior (quadriceps and sartorius); posterior (hamstrings); and medial (adductors and gracilis). Four
compartments are present in the leg: anterior; lateral; superficial posterior; and deep posterior.

1. MRI INDICATIONS & TECHNIQUE
INDICATIONS

Muscle disorders have a wide variety of causes, treatments, and prognoses. Given that the cause and severity of
musculoskeletal disorders may be difficult to determine clinically, MRI commonly is used to target the location,
severity, and extent of the pain generator. Specifically, MRI of muscle also may be indicated to: aid in a prompt
diagnosis of high performance athletes; exclude superimposed derangements (e.g., stress fracture); narrow the
clinical differential diagnosis; predict the prognosis or possible complications associated with a disorder; direct the
type and location of an intervention (such as biopsy or surgery, when indicated); and monitor treatment response or
complications objectively.

MRI is the imaging test of choice for evaluating muscle and tendon disorders. Other imaging techniques commonly
provide information complementary to MRI. Radiography is a relatively inexpensive means of screening patients
for heterotopic ossification, avulsion fractures, and other osseous injuries. CT provides for cross-sectional
assessment of these abnormalities, and may improve diagnostic confidence in some cases (e.g., myositis ossificans).
However, soft-tissue contrast resolution is inferior to MRI. Sonography allows assessment of myotendinous
disorders during dynamic maneuvers that may elicit symptoms and clarify the diagnosis. However, ultrasound
remains an operator-dependent technique.

TECHNIQUE

While recognizing that each patient is unique, certain generalizations may be helpful in designing an appropriate

MRI protocol.

» Marker. Placing a skin marker over the area of the patient’s symptoms allows you to correlate clinical
complaints with imaging abnormalities.

» Coil. The choice of a coil will be dictated by the desired field of view and spatial resolution. With experience
(and a good anatomic atlas!), scanning of both extremities usually is not necessary.



» Imaging planes. The sagittal and coronal planes generally approximate the long axes of limb muscles. These
“longitudinal” imaging planes are useful for depicting the longitudinal extent of myotendinous abnormalities
(e.g., the size of a retracted tear).

» Sagittal images are especially helpful for evaluating abnormalities at the anterior and posterior aspects of
an extremity, while including the adjacent bone as an anatomic reference. Similarly, coronal images are
particularly useful for assessing medial and lateral abnormalities.

Pulse Sequences
T1-weighted images provide a favorable ratio of signal-to-noise, while aiding in characterization of
hemorrhagic lesions (e.g., hematoma, hemorrhagic neoplasm) or abnormal accumulations of fat (e.g., muscular
atrophy, mature myaositis ossificans, lipoma).

» Fat-suppressed T2-weighted and inversion recovery (IR) fast spin-echo (FSE) images are more sensitive to
the presence of edema and hemorrhage than long TE images that are not fat suppressed. However, compared to
T2-weighted images, the altered dynamic range on fat-suppressed T2 and IR-FSE images may make specific
diagnosis of soft-tissue masses more difficult [3].

» Gradient-echo sequences accentuate paramagnetic effects. This “blooming” effect may indicate the presence
of hemosiderin, foreign bodies, postoperative changes, or gas, and thus help in honing a differential diagnosis.

Supplemental Scans
Gadolinium. Generally, contrast material is not necessary. Areas affected by trauma or inflammation
generally are well-demonstrated with fat-suppressed T2-weighted or IR-FSE images. Occasionally, fat-
suppressed T1-weighted images after gadolinium administration can be helpful in difficult cases (e.g., when
evaluating for a cystic vs. a solid mass or a necrotic neoplasm).

» Muscle contraction during the MR examination rarely is used to demonstrate retraction of a torn muscle,
herniation of a muscle through a fascial defect, or nerve entrapment that may occur dynamically during muscle
activation (e.g., tarsal tunnel syndrome caused by a hypertrophied accessory soleus muscle). Pulse sequences
(e.g., gradient-echo) with short acquisition times must be used to provide high temporal resolution images.

» Exercise Enhancement. After exercise, acute elevation in the T2 signal of muscle occurs -- a phenomenon
termed “exercise enhancement”. (This is caused by increased water content in muscle after exercise that is
mostly extracellular in location. Extracellular water in muscle has a long T2, whereas intracellular water in
muscle has a short T2.)

» Exercise enhancement has been used for studying muscle recruitment during sports training programs. In
patients with suspected chronic exertional compartment syndrome, MRI before and after exercise may be
helpful. Of greatest practical importance to radiologists, however, is that spurious increased signal
intensity may occur on fat-suppressed T2-weighted or IR-FSE images if MRI is performed within 30
minutes after exercise!

. MRIOFPATHOLOGICAL CONDITIONS
INJURIES IN THE BONE-TENDON-MUSCLE COMPLEX

In athletes, the most common injuries to the bone-tendon-muscle complex are strains, contusions, and avulsions.

Strain

Mechanism & Sites of Injury. Strain injuries result from excessive stretch or tension on myotendinous fibers.
Strains tend to occur in muscles that cross two joints, have a high proportion of fast twitch fibers, and undergo
eccentric contraction (i.e., stretch during contraction). Eccentric contraction of certain muscles that do not cross two
joints may result in strain injury (e.g., the hip adductors, especially the adductor longus muscle). The most
commonly strained muscles in the extremities include the hamstrings, rectus femoris, and gastrocnemius muscles.

Spectrum of Injury. The degree of strain may be graded along a spectrum of injury -- from mild (grade I,
microscopic injury) to moderate (grade I1, partial-thickness tear) to severe (grade I11, complete tear). These grades
are used to facilitate communication and to influence patient management. (Speaking of communication ... experts
commonly use the term “strain” to refer to an injury of muscle or musculotendinous fibers, while “sprain” refers to
ligamentous injury.)



Strain Injury of Specific Muscles

Calf Muscles
Several muscles and tendons at the posterior aspect of the knee and calf may be subjected to strain injuries,
including the gastrocnemius, soleus, plantaris, and popliteus muscles.

Tennis Leg. “Tennis leg” has been defined clinically as the sudden onset of sharp pain in the middle portion of the
calf while participating in athletics (e.g., racket sports, running). This condition typically occurs in middle-aged
persons, and most commonly involves strain of the medial head of the gastrocnemius. (Isolated rupture of the
plantaris tendon and soleus muscle are uncommon [4].) Clinical differential diagnosis may include a ruptured
Baker’s cyst, overuse “tendinitis”, stress fracture, chronic exertional compartment syndrome, fascial herniation,
venous thrombosis, nerve entrapment, and popliteal artery entrapment syndrome.

MRI may be used to help determine an accurate diagnosis and determine its severity. In one MRI study of 23
injuries to the gastrocnemius, the myotendinous junction was involved in 96% of cases [5]. The medial head was
more frequently involved than the lateral head (86% and 14%, respectively). In another study of 65 patients with
“tennis leg”, 51 partial and 14 complete tears were diagnosed [6]. Treatment is conservative, typically with relief of
pain within two weeks and return to sports after at least three weeks.

Hamstring Muscles

The hamstrings are the most commonly injured muscles in sprinting and jumping athletes. For example, 10% of 180
soccer players suffered hamstring injuries during a single season in one prospective study [7]. In young adults, the
majority of hamstring injuries are partial tears; complete hamstring tears or avulsions are relatively uncommon. Of
the three hamstring components, the biceps femoris is the most commonly injured. Injury to more than one
component of the hamstrings is not uncommon (prevalence: 25%-33%).

MRI. In one study of 15 college athletes, acute hamstring injuries occurred at the myotendinous junction in diverse
locations: the proximal myotendinous junction (33%); the intramuscular myotendinous junction (53%); and the
distal myotendinous junction (13%) [8]. In older adults, hamstring injuries also may occur at other sites, particularly
at the tendinous attachments, owing to underlying tendinosis.

Prognosis. Rehabilitation time may be predicted by the extent of hamstring injury seen by MRI [9]. Convalescence
periods reportedly vary from 2 weeks to 1.5 years before patients can return to vigorous activities. Recurrent
injuries are common, occurring in one-fourth of athletes. Even minor hamstring injuries may double the risk of a
more severe injury within 2 months.

Pectoralis Major Muscle

The pectoralis major is the largest, most superficial muscle in the anterior chest wall. This fan-shaped muscle
originates primarily from the medial half of the clavicle, the sternum, and the first six costal cartilages. The
clavicular and sternal heads converge as they pass laterally, generally producing a bilaminar tendon that inserts into
the lateral lip of the humeral bicipital groove. The pectoralis major muscle functions to adduct, flex, and internally
rotate the humerus.

MRI. Pectoralis major tears most commonly occur while the arm is abducted during eccentric contraction (e.g., in
weight-lifters) or during a direct blow (e.g., in a motor vehicle accident). Partial tears of the pectoralis major are
generally more common than complete tears [10]. Partial tears tend to occur at the myotendinous junction, and are
usually managed non-operatively. Complete tears usually occur more distally at the enthesis. With avulsion of the
tendon from its insertion site, high T2 signal intensity may be seen superficial to the humeral cortex due to periosteal
stripping. Complete tears, particularly avulsion injuries from the humerus, are treated optimally in active
individuals with prompt surgical repair in order to hasten rehabilitation and improve functional outcome.

Contusion
Contusion of muscle is produced by direct trauma, usually by a blunt object. Interstitial edema and hemorrhage
results in varying degrees of pain, swelling, and spasm. Although contusion injuries often appear larger in size than



strain injuries, the recovery time for contusions tends to be significantly shorter. A recognized complication of
muscular contusion is myositis ossificans.

MRI. Fat-suppressed T2-weighted and IR-FSE images provide a conspicuous display of high signal intensity that
often has a feathery, infiltrative appearance. Although the girth of the muscle typically is increased, no fiber
discontinuity or laxity is observed (allowing it to be distinguished from high-grade strain injuries).

Avulsion

The age of a patient influences the location of injuries in the bone-tendon-muscle complex. In children and
adolescents, the weakest link in this chain tends to be the physis. Given the many apophyses in the pelvis and hip, it
comes as no surprise that these are common sites of avulsion injuries. The single most common site of apophyseal
avulsion is at the ischial tuberosity; this injury tends to occur between puberty and 25 years of age.

In the non-acute setting, avulsion injuries may resemble a neoplastic or infectious process, especially when no
history of trauma is provided. Knowledge of the major tendinous attachments to bone is indispensible in arriving at
a correct diagnosis -- and avoiding misdiagnosis of an osteochondroma or osteosarcoma. Avulsions generally are
treated conservatively and have a good prognosis, although non-unions can occur.

SEQUELAE OF MUSCULOTENDINOUS INJURY

Several sequelae of musculotendinous injury may be observed, including atrophy, fibrosis, and hematoma.

Atrophy
Muscle atrophy may occur after certain musculotendinous injuries, disuse, or other insults. The cardinal features of
muscle atrophy seen with MRI are fatty degeneration and/or decreased muscle volume.

The most frequently sought site of muscle atrophy using MRI is perhaps in the shoulder girdle after a rotator cuff
tear. After a supraspinatus tendon tear, adjacent muscle atrophy is recognized as a negative prognostic factor for
patients undergoing cuff repair. MR spectroscopy of the supraspinatus muscle to assess muscle fat content now can
be performed routinely [11-12]. Interestingly, after a supraspinatus tendon tear, infraspinatus muscle atrophy can
occur in isolation even when the infraspinatus tendon is intact [13]!

Muscle atrophy begins to develop within 10 days after immobilization. After bed rest for 20 days, the muscle cross-
sectional area decreases approximately 10% in healthy men [14]. Similar degrees of muscle atrophy also can be
measured by MRI after short (e.g., 2 week) spaceflights [15]. Muscle atrophy may be partially irreversible by 4
months.

Fibrosis

Fibrosis is characteristically displayed as low signal intensity tissue in muscle on T2-weighted images after a non-
acute insult. Recognized sites of muscle fibrosis include the deltoid muscle (associated with scapular winging) and
the vastus lateralis muscle (associated with non-traumatic patellar dislocation) [16].

Hematoma

Hematomas are common after a myotendinous injury, and may be predominantly intramuscular or intermuscular in
location. Intramuscular hematomas often resorb spontaneously over a period of 6 to 8 weeks. Most of the
intramuscular hematomas that have been evaluated with MRI between 5 days and 5 months after injury display
characteristics of methemoglobin, with increased signal intensity on both T1- and T2-weighted images.
Occasionally, serous-appearing fluid from a hematoma may linger within a connective tissue sheath, creating an
intramuscular pseudocyst.

D/Dx. Differentiation between a simple hematoma and a hemorrhagic neoplasm may be difficult in some patients
both clinically and with imaging. Administration of contrast material aids in excluding a neoplasm when the lesion
in question shows no enhancement. Conversely, the presence of an enhancing nodule in a muscle lesion may
suggest the possible diagnosis of a neoplasm rather than a hematoma. When the diagnosis of a probably benign



hematoma is in doubt, clinical correlation and a followup MRI examination may be indicated to confirm lesion
stability or resolution.

Myositis Ossificans

The most common type of heterotopic ossification occurs in muscle, and commonly is referred to as myositis
ossificans. Well-recognized precursors are observed in up to 75% of patients. Predisposing factors most commonly
include: traumatic insults (e.g., contusion, surgery, burns); neurological insults (e.g., paraplegia, traumatic brain
injury, stroke); or bleeding dyscrasias (e.g., hemophilia).

In the clinical and radiological arenas, three typical phases of evolution occur: (1) an acute or pseudo-inflammatory

phase; (2) a subacute or pseudo-tumoral phase; and (3) a chronic, self-limited phase that may undergo spontaneous

healing:

» In the acute and subacute stages of myaositis ossificans, imaging examinations have a notoriously nonspecific
appearance. CT is the single best imaging exam.

> In the final stage, the essential imaging findings that permit confident differentiation of myositis ossificans from
neoplasm are three-fold: (1) the ossific mass is well-defined, sharply marginated, and appears more mature
peripherally than centrally; (2) the lesion generally decreases in size with the passage of time; and (3) there is
no destruction in the underlying bone.

» In contradistinction to calcification that has an amorphous appearance, the sine qua non of mature myositis
ossificans is its recognizable architecture that approximates native bone: an area of cancellous bone centrally
surrounded by compact bone peripherally.

MRI. MRI findings also evolve over time. In the acute and subacute stages, MRI findings are nonspecific. The
involved muscle is enlarged and exhibits intermediate T1 and high T2 signal intensity. As the lesion matures, T2
hyperintensity and contrast enhancement progressively decrease. The signal intensity of the lesion may remain
inhomogeneous, although areas of signal intensity equivalent to fat and cortical bone increase [17].

Treatment. Management of myositis ossificans may include nonsteroidal antiinflammatory agents (e.qg.,
indomethacin), diphosphonates, low-dose irradiation therapy, physical therapy, and in uncommon cases, surgical
resection. Surgical resection of myositis ossificans traditionally has been performed after the mass “matures” in the
hopes of minimizing the risk of recurrence. The surgical excision of myositis ossificans occasionally may be
indicated for purposes of a histopathologic diagnosis, unremitting pain, a bulky area of ossification that limits range
of mation, or nerve entrapment. Myositis ossificans has been designated a “don’t touch” lesion that should not be
biopsied injudiciously.

Muscle Herniation

Pathogenesis. Muscle herniation refers to protrusion of muscle tissue through a focal fascial defect. These fascial
defects most commonly occur secondary to muscle hypertrophy and increased intracompartmental pressure, with
subsequent herniation of muscle through relatively weak areas in the fascia, such as those traversed by blood vessels
and nerves.

Location. Muscle hernias characteristically occur in the middle to lower portions of the leg. The tibialis anterior is
the most commonly involved muscle. Virtually any muscle can be affected after an episode of penetrating trauma.

Clinical. Patients typically present with a small, superficial, soft-tissue bulge that becomes more prominent and
firm with muscle contraction. Although most muscle herniations are asymptomatic, they can cause substantial pain,
cramping, and tenderness. Fascial defects also may enlarge over time, thus resulting in cosmetic complaints.
Rarely, herniated muscle may become incarcerated or result in nerve entrapment. For example, herniation of the
gastrocnemius muscle can compress the peroneal nerve and result in a clinical presentation that resembles sciatica.
Muscle herniation also may be observed in patients with compartment syndrome owing to intracompartmental
hypertension.

MRI. MRI can be used to document herniation of muscle, as well as discontinuity in the overlying fascia. When
routine MRI is negative, imaging during muscle contraction may be helpful in eliciting this derangement.



Treatment. Treatment of asymptomatic muscle hernias is usually conservative. For symptoms that are recalcitrant
or severe, management may include local injection of botulinum toxin, fasciotomy, or fascial repair.

Compartment Syndrome

Compartment syndrome refers to elevated pressure in a relatively noncompliant anatomic space that is associated
with ischemia and may result in neuromuscular injury, including myonecrosis. Knowledge of compartmental
anatomy is fundamental to accurate diagnosis and treatment of this potentially devastating condition. Factors that
may predispose a compartment to this syndrome include a history of trauma, external compression, systemic
hypotension, increased intracompartmental volume (e.g., hemorrhage, edema, poor venous return, muscle
hypertrophy), and loss of compartment elasticity (e.g., fibrotic or constricted fascia). Patients initially complain of
painful aching, tightness, or pressure that worsens with palpation and passive stretching of the affected muscles.

Acute Compartment Syndrome. Although most cases of acute compartment syndrome are associated with
fractures, the second most common cause is injury to soft tissues (e.g., contusion) without fracture. Compartment
syndrome occasionally may be caused by muscle rupture in athletes.

Chronic Compartment Syndrome. Chronic compartment syndrome may occur owing to exertional causes (e.g.,
exercise, occupational overuse) or “non-exertional” causes (e.g., a mass lesion, infection). In running athletes, for
example, the most common site of chronic compartment syndrome is the leg. The thigh, forearm, and foot are the
next most common sites in athletes.

Diagnostic Examinations. Diagnostic tests used to evaluate for compartment syndrome include direct
compartment pressure measurements, near infrared spectroscopy, and MRI. Normally, intracompartmental
pressures should be less than 15-20 mm Hg at rest and within 5 minutes after finishing exercise. Direct pressure
measurements are the gold standard for objective diagnosis.

MRI. Although cross-sectional imaging is not the primary technique for diagnosing compartment syndrome, MRI
can be used to clarify the location and extent of ischemic damage to muscle in the non-acute setting. Imaging also
assists in evaluation for an underlying lesion (e.g., hematoma, neoplasm) that may contribute to compartment
hypertension and need to be addressed at surgery. Familiarity with the imaging appearance of compartment
syndrome is important, given that imaging may be performed for assessment of pain that initially is thought to be
due to other causes (e.g., stress fracture, myotendinous strain, soft-tissue tumor).

In patients with compartment syndrome, the most common findings are T2 hyperintensity and increased muscle
volume (that may be due to muscle hypertrophy, edema, or both). This increased intracompartmental volume and
pressure occasionally may result in herniation of muscle through a tear in the surrounding fascia. Fascial thickening
also may be observed.

Gadolinium. Although controversial, gadolinium-enhanced MRI may be helpful in evaluating patients with
impending compartment syndrome by showing avid contrast enhancement in the affected muscles. This
enhancement can be useful in distinguishing muscles that are still perfused from those with devitalized areas. The
rate of contrast material “washout” may be prolonged in muscles affected by compartment syndrome.

Post-exercise MRI. The change of T2 signal intensity between pre-exercise and post-exercise images is
significantly greater in compartments with post-exercise hypertension [18]. Furthermore, the magnitude of this
change in signal intensity correlates significantly with the change in pre-exercise and post-exercise pressure
measurements, as well as with the absolute post-exercise pressure. Diffusion-weighted echo-planar MRI potentially
can depict alterations in the circulating blood volume in muscle induced by exercise and changes in compartment
pressure.

Differential Diagnosis. Although MRI may be sensitive in the evaluation of compartment syndrome, it is not
specific. Depending on the clinical context, the imaging differential diagnosis may include other causes of painful,
swollen extremities, (e.g., delayed onset muscle soreness, muscle strain, deep venous thrombosis, cellulitis,
lymphedema).



Treatment. Fasciotomy generally is performed when acute compartment pressures reach 30 to 80 mm Hg.
Findings favoring fascial release include increasing compartment pressures over time, paresthesia, and paresis. For
chronic compartment syndrome, fasciotomy generally is recommended if symptoms persist more than 6 months
despite conservative therapy.

IV. DIFFERENTIAL DIAGNOSIS & DIAGNOSTIC PITFALLS
DIFFERENTIAL DIAGNOSIS

MRI facilitates the diagnostic process primarily by detecting alterations in muscle size or signal intensity. Although
these alterations may be diagnostic in the appropriate clinical setting, a wide array of focal and systemic
pathological conditions affecting muscle may have a similar appearance. In addition to traumatic muscle injuries,
common categories of disease affecting muscle include: ischemia and necrosis; inflammation and infection;
congenital and inherited conditions; neoplasms; and various iatrogenic insults. Given that the potential causes for
abnormal signal intensity in muscle are diverse, the differential diagnosis approach may be simplified by
recognizing one of three basic patterns on MR images [19].

Three Basic Patterns of Abnormal Signal Intensity in Muscle

» The “muscle edema pattern” may be seen with recent trauma (e.qg., strain injury), as well as with subacute
denervation, infectious or autoimmune myositis, rhabdomyolysis, vascular insult (e.g., diabetic muscle
infarction, deep venous thrombosis) or recent iatrogenic insults (e.g., surgery, radiation therapy).

» The “fatty infiltration pattern” may be observed in the chronic setting after a high-grade myotendinous injury,
as well as with other insults causing chronic muscle disuse or chronic denervation.

» The “mass lesion pattern” can be seen with traumatic injuries (e.g., myositis ossificans), as well as with
neoplasm, infection (e.g., pyomyositis, parasitic infection), and muscular sarcoidosis.

Delayed Onset Muscle Soreness (DOMS)

DOMS refers to the muscular pain, soreness, and swelling that follows unaccustomed exertion. Activities that
require eccentric muscle contractions are common culprits, such as hiking downhill or certain types of manual labor.
DOMS is thought to occur from reversible microstructural muscle injury; no permanent damage to muscle function
ensues. Patients with DOMS do not recall any one particular moment of trauma or experience an acute onset of
pain. Rather, symptoms tend to begin within 1 to 2 days after exercise. Soreness often crescendos until it peaks 2 to
3 days after the inciting exercise, and then generally subsides within 1 week. This soreness may be associated with
temporarily diminished muscle strength.

MRI. High signal intensity indicative of interstitial edema is observed on T2-weighted or IR images. Perifascial
fluid/edema occasionally may be seen in the early phase. The MRI appearance of DOMS is reportedly similar to a
first-degree muscle strain. Clinical history allows for easy differentiation between these two entities in most
instances. However, the history of a provocative event may not be forthcoming in all cases, since abnormal signal
intensity reportedly may remain for up to 80 days!

Muscle Denervation & Hypertrophy

Entrapment neuropathy and denervation can be a cause of pain and weakness that simulates a primary abnormality
in skeletal muscle. MRI may be a useful adjunct to electromyography (EMG) in detecting muscle denervation and
its causes. For example, in a study of 90 patients with clinical evidence of peripheral nerve injury or radiculopathy,
the sensitivity and specificity of IR-FSE MRI relative to EMG were 84% and 100%, respectively. Although less
sensitive than EMG, MRI may display the site and cause of nerve entrapment in many cases (e.g., intervertebral disc
herniation, ganglion cyst, hematoma).

Subacute Denervation. With denervation, the signal intensity and morphology of muscle undergo characteristic
changes with MRI. Although these denervation changes have been reported as early as 4 days after a nerve insult,
hyperintense signal on T2-weighted or IR-FSE MR images usually are not detectable for 2 to 3 weeks. Three MRI
features may help distinguish the hyperintense T2 signal in denervated muscles from that seen with strained
muscles: [1] unlike strain injury, the hyperintense T2 signal in denervated muscles is not associated with perifascial
edema; [2] the pattern of muscle involvement may suggest a specific nerve territory responsible for the denervation
changes; and [3] abnormally hyperintense T2 signal in peripheral nerves is a hallmark of many neuropathies.



Chronic Denervation. With chronic denervation, diminished bulk and fatty infiltration occur in muscle. These
atrophic changes are best displayed on T1-weighted MR images. Whereas the signal intensity changes of acute
muscle denervation are reversible, profound atrophic changes seen late in the course of denervation may be
irreversible. The atrophic changes from denervation are not specific, and may be seen with conditions as diverse as
motor neuron diseases (e.g., poliomyelitis) and demyelination (e.g., hereditary motor and sensory neuropathies).
Although chronic denervation usually results in atrophy, pseudohypertrophy and true hypertrophy have been
reported. Both conditions may present clinically as a palpable soft-tissue mass that serves as an indication for MRI.

DIAGNOSTIC PITFALLS

Anomalous Muscles

Anomalous muscles are encountered relatively commonly. Although they usually are of no clinical significance per
se, they can be mistaken for mass lesions or torn muscles that have retracted. In uncommon cases, these types of
muscles may be injured or may result in symptoms owing to nerve entrapment, especially when these muscles
become hypertrophied (e.g., in athletes).

SUMMARY

Muscle disorders have a wide variety of causes, treatments, and prognoses. Given that the cause and severity of
these disorders may be difficult to determine clinically in some cases, MRI can be used to narrow the differential
diagnosis and pinpoint the appropriate pain generator.

SELECTED REFERENCES

1. Boutin RD. Muscle Imaging. In: Resnick D (ed). Diagnosis of Bone and Joint Disorders (4™ edition). Philadelphia: WB
Saunders 2002; 4696.

2. Boutin RD, et al. MR Imaging of Sports-Related Muscle Injuries. Radiol Clin North Am 2002; 40:333.

3. Hwangbo S, etal. Can We Determine T2 Signal of Musculoskeletal Tumorous Conditions on Fat-Suppressed Fast Spin-
Echo MR Imaging? (Abstr) AJR 2002; 178 Suppl:68.

4. Delgado GJ, et al. Tennis Leg: Clinical US Study of 141 Patients and Anatomic Investigation of Four Cadavers with MR
Imaging and US. Radiology 2002; 224:112.

5. Weishaupt D, et al. Injuries to the Distal Gastrocnemius Muscle: MR Findings. JCAT 2001; 25:677.

6. Bianchi S, etal. Sonographic Evaluation of Tears of the Gastrocnemius Medial Head (“Tennis Leg”). J Ultrasound Med
1998; 17:157.

7.  Kujala UM, etal. Hamstring Injuries: Current Trends in Treatment and Prevention. Sports Med 1997; 23:397.

8. De Smet AA, etal. MR Imaging of the Distribution and Location of Acute Hamstring Injuries in Athletes. AJR 2000;
174:393.

9. Slavotinek JP, et al. Hamstring Injury in Athletes: Using MR Imaging Measurements to Compare Extent of Muscle Injury
with Amount of Time Lost from Competition. AJR 2002; 179:1621.

10. Connell DA, et al. Injuries of the Pectoralis Major Muscle: Evaluation with MR Imaging. Radiology 1999; 210:785.

11. Pfirrman CW, et al. Routine Proton MR-Spectroscopy of the Supraspinatus Muscle (Abst). Radiology 2002; 225
Suppl:602.

12. Kostler H, et al. 2D-SPLASH Spectroscopy to Determine the Fat/Water Ratio in the Muscle of the Rotator Cuff. Rofo
2002; 174:991.

13. Yaol,etal. Infraspinatus Muscle Atrophy: Implications? Radiology 2003.

14. Kawakami Y, et al. Changes in Muscle Size and Architecture Following 20 Days of Bed Rest. J Gravit Physiol 2000; 7:53

15. AkimaH, et al. Effect of Short-duration Spaceflight on Thigh and Leg Muscle Volume. Med Sci Sports Exerc 2000;
32:1743.

16. Lai KA, etal. Vastus Lateralis Fibrosis in Habitual Patella Dislocation: An MRI Study in 28 Patients. Acta Orthop Scand
2000; 71:394.

17. Ledermann HP, et al. Pelvic Heterotopic Ossification: MR Imaging Characteristics. Radiology 2002; 222:189.

18. Verleisdonk EJ, et al. The Diagnostic Value of MRI Scans for the Diagnosis of Chronic Exertional Compartment Syndrome
of the Lower Leg. Skeletal Rad 2001; 30:321.

19. May DA, etal. Abnormal Signal Intensity in Skeletal Muscle at MR Imaging: Patterns, Pearls, and Pitfalls. RadioGraphics
2000; 20:295S.




	Table of Contents
	2006 Annual Meeting Program Committee
	Continuing Education
	Declaration of Speaker Financial Interests or Relationships
	================
	Saturday, 6 May 2006
	MR Physics for Physicists - Day 1 - 08:30 to 18:00 ~ Room 6E
	Origins of the Equations of Magnetization Dynamics 
	Numerical Implementation of the Bloch Equation to Simulate Magnetization Dynamics and Imaging
	Alternate Mechanisms for Spin Polarization
	Imaging Strategies for Hyperpolarized Elements and Molecules 
	Contrast Mechanisms in Molecular Imaging - No syllabus contribution available
	Quantum Mechanical and Semi-Classical Theory of Relaxation
	Relaxation and Contrast Mechanisms in Living Tissue 
	Fast SE/TSE/RARE, Refocusing with Low Flip Angle Pulses
	Fast Gradient Echo Including SSFP
	Pulse Sequence Design for EPI and Non-Cartesian Sampling
	Limits of SNR and Practical Consequences 

	Quantitative Image and Data Analysis - Day 1 - 09:00 to 17:40 ~ Room 613-614
	Introduction to Quantitative Analysis 
	Mapping of Quantitative MR Parameters
	Statistical Analysis of Quantitative MR Data: Basic Methods
	Artifacts, Noise, Filtering and Compensation Techniques 
	Image Registration and Motion Correction 
	Feature Extraction, Shape Fitting, and Image Segmentation
	Quantitative Morphology: Volumes, Shapes, and Voxel-Based Measures
	Motion Estimation, Modeling, and Compensation  
	Bulk Flow Measurements and Angiography 

	Advanced Body Imaging - 08:30 to 18:15 ~ Room 6D
	Approach to Diagnosis of the Difficult Liver Lesion with MRI
	Liver Specific Contrast Agents: An Update
	Assessing Tumor Response in Liver Therapy
	Pancreas: From Structure to Function
	MRCP and MRI in the Evaluation of Bile Duct Obstruction
	MRI of Ano-Rectal Diseases
	MRI of Prostate Cancer: Diagnosis, Staging, and Treatment 
	The Role of MRI in Evaluating Benign Uterine Disease
	Diagnosing, Staging and Stratifying Patients with Malignant Uterine Disease
	Characterizing Adnexal Masses: Pearls and Pitfalls
	Optimizing Your Breast MRI Technique
	MRI Criteria to Diagnose Breast Cancer 
	MRI Screening of High Risk Women
	MR Guided Breast Interventions

	Clinical MRI: From Physical Principles to Practical Protocols - 08:00 to 17:45 ~ Room 615-617
	Overview of MR Physics
	Musculoskeletal MR Principles (Spin-Echo, FSE, Gradient Echo)
	Musculoskeletal MR Practical Protocols 
	Body MR Principles (STIR, Gradient Echo, Fast Imaging Tricks)
	Body Protocols
	Vascular MR Principles (TOF, 3D GRE)
	Vascular Protocols
	Neuro MR Principles (FLAIR, EPI-Perfusion, Diffusion)
	Neuro Protocols  
	Cardiac MR Principles (Gating, True FISP, Phase Contrast)  
	Cardiac Protocols

	Diffusion and Perfusion Methodology - 08:30 to 18:15 ~ Room 6C
	Theory of Diffusion
	Biophysical Underpinnings of Diffusion
	Tensor Encoding / Decoding
	Sequences for Diffusion MRI
	Artifacts and Pitfalls in Diffusion MRI -  No syllabus contribution available
	DSI/ Qball/ GDTI and Tractography
	Theory of Perfusion Measurements
	DSC Perfusion (with Pitfalls)
	ASL Perfusion - Pulsed/Continuous
	New Ideas in Perfusion
	Exchange
	Clinical Applications of Diffusion/Perfusion MRI: A Review

	Molecular Imaging - 08:00 to 17:50 ~ Room 602-604
	Introduction
	Imaging Technologies I: Physical Principles, Technical Issues
	Imaging Technologies II: Comparison of Techniques, Strengths/Weaknesses, Fusion
	Combined Technologies: MRI/PET, PET/CT, MRI/Optical Œ Instrumental Aspects - No syllabus contribution available
	Concepts of Probe Design I: Physical Principles of Reporter Moieties
	Concepts of Probe Design II. Design of Target-Specific Probes
	Combined Technologies: Multimodal Probes
	Non-Invasive Imaging of Cell Signaling
	Imaging the Function of Gene Products
	Monitoring Cell Migration
	Molecular Imaging in Drug Research 
	Molecular Imaging and Atherosclerosis
	Molecular Imaging in Experimental Therapeutics of Cancer

	MR Spectroscopy in Clinical Practice - 08:30 to 18:00 ~ Room 611-612
	Basics of MR Spectroscopy for the Practicing Clinician
	1D, 2D and 3D Localization Techniques and Shimming
	Data Processing and Interpretation
	1D and 2D Quantification Methods
	Quality Assurance and Artifacts
	Clinical Potential of C- and P-MRS
	MRS in Congenital Metabolic Disorders
	MRS in Pediatric Tumors
	MRS in Perinatal Asphyxia
	MRS, MRI & fMRI in Epilepsy Surgery
	MRS in Therapy Planning and Follow-up of Adult Brain Tumors
	MRS in Stroke, MS and Infectious Diseases
	MRS in Neurodegenerative Diseases
	MRS in Psychiatric Diseases
	P31-MRS of Muscle Diseases
	MRS of Prostate Diseases

	RF Systems Engineering - 08:30 to 18:15 ~ Room 618-620
	Overview of Signal Detection and the RF Chain
	Principles and Modeling of the Signal Detection by a Coil
	Introduction to the World of RF; Transmission Lines, Impedence Transformers, and RF Components
	RF Measurements: The Network Analyzer and Smith Chart
	Preamp Design and Characterization 
	T/R Switchs, Baluns, Traps, and Active Detuning Elements
	Volume Coil Types and Design Principles
	Array Coil Types and Design Principles
	Modeling the EM Wave Interaction with the Body and SAR 
	Transmit SENSE Coil


	===============
	Sunday, 7 May 2006
	MR Physics for Physicists - Day 2 - 08:30 to 18:00 ~ Room 6E
	MR Elastography
	Velocity Encoding and Flow Imaging
	Gridding for Non-Cartesian k-Space Sampling
	Reconstruction for Multi-Coil Acquisition
	Generalized Spatial and Temporal Interpolation, Limited Data Reconstruction
	Overview of the Technical Challenges
	Optimized Pulse Sequences at High Field 
	Principles of Parallel Transmission
	Physical Principles for the Assessment of MRI Safety at High Field 

	Quantitative Image and Data Analysis - Day 2 - 09:00 to 17:40 ~ Room 613-614
	Perfusion/Permeability 1: Tracer Kinetic Modeling Using Contrast Agents
	fMRI Modeling and Analysis
	Perfusion/Permeability 2: Modeling of Arterial Spin Labeling Signals
	Spectroscopy Modeling and Analysis
	Elastography Modeling and Analysis
	Data Presentation and Interpretation: Rendering, Data Fusion, and Surgical Planning
	Quantitative Data in Clinical Practice - No syllabus contribution available

	Experimental Methods in MR of Cancer - 08:30 to 17:15 ~ Room 6C
	Evaluating Pathways, Inhibition and Regulation Using MRS
	Choline Metabolism: Meaning and Significance
	Clinical Applications of Magnetic Resonance Spectroscopy
	Measuring Vascular Properties Using Contrast Agents
	Tracer Kinetic Models: Extracting Physiological Vascular Information
	Measuring Vascular Properties Using Intrinsic Contrast Mechanisms (inc BOLD)
	Hypoxia and its Assessment
	Clinical Applications of MR Methods That Assess Tumor Vascular Functionality
	Associating MR Findings with MR Gene and Protein Expression
	Diagnosis of Cancer Using MAS
	Apoptosis: MR Consequences
	Diffusion MRI:  A Biomarker for Cancer Treatment Response

	Multi-Modal fMRI: Physiology, Acquisition, and Analysis - 08:30 to 18:15 ~ Room 611-612
	Brain Oscillations and Neural Networks
	Physiology, Hemodynamics, and BOLD Signals
	fMRI Paradigm Design
	Pre-processing of BOLD fMRI Data
	General Linear Model for BOLD fMRI Analysis
	Independent Component Analysis of BOLD fMRI Data
	Diffusion Tensor Imaging: Acquisition and Processing
	DTI/fMRI: Integration/Synergy
	Low-Frequency BOLD Fluctuations and Brain Functional Connectivity
	Perfusion-Based fMRI
	Blood-Volume-Based fMRI

	Demystifying Biomedical MR Spectroscopy: Challenges, Advanced Concepts, and Applications - 08:00 to 15:15 ~ Room 615-617
	The Art of RF Pulse Design for MRS 
	Spectral Editing - Uncovering Hidden Metabolites
	What is the "Hype" in  Hyperpolarization?
	New Approaches to Spectral Processing and Quantification
	Ex Vivo Spectroscopy - Linking the Benchtop to the Clinic
	Multi-nuclear MRS of Metabolic Dynamics in the Brain
	New Approaches to MRS of Cerebral Disorders
	Spectroscopic Window on Tumor Metabolism
	Advances in MRS of Diabetes and Obesity

	Musculoskeletal Imaging - 08:00 to 17:25 ~ Room 618-620
	Shoulder MR Update
	MRI of the Elbow
	MRI of Muscle Injury
	MRI of the Wrist and Hand
	Knee MR Update
	MRI of the Ankle
	MRI of the Hip
	Bone Marrow Imaging
	MRI of Soft Tissue Pseudotumors

	Advanced Brain MR Imaging - 08:30 to 17:45 ~ Room 602-604
	Protocol Update: Stroke, Tumors, Epilepsy and MS - No syllabus contribution available
	High-Resolution Cortical Imaging
	Parallel Imaging: Concepts and Applications
	Brain Imaging at 3T and Challenges at 7T
	Measuring Brain Volume Changes: the Tools
	Volumetrics of Brain Development
	Volumetrics of MS and Aging
	DSC Perfusion: Concepts and Applications
	ASL Perfusion: Concepts and Applications
	DTI: Concepts, Quantification and Quality Issues
	DTI of Brain Development
	Fiber Tracking: Concepts and Applications
	Data Analysis, Reproducibility and Reliability, Pitfalls
	Clinical Applications: Surgical Planning in Tumors 
	Clinical Applications: Neurodegenerative Disorders and MS

	Cardiac MRI - 07:30 to 17:15 ~ Room 6D
	Imaging of Coronary Artery Disease with MRI/MRA
	Ischemia Detection Using Perfusion, BOLD, etc.
	Ischemia Detection Using Wall Motion, Strain, etc. - Late addition to program/no syllabus contribution available
	Myocardial Viability: DE-MRI and LD-Dob
	MESA
	ICELAND MI:  An Epidemiology Study of Unrecognized Myocardial Infarction - No syllabus contribution available
	MR-IMPACT (Perfusion)
	Controversies and Approaches to Stem Cell Revascularization - Late addition to faculty/no syllabus contribution available
	Evaluation (Function, Ischemia) of Stem Cell Therapy Patients
	Stem Cell Labeling, Tracking, and Delivery in Cardiovascular Disease
	Stem Cell Therapy in Acute Myocardial Infarction
	Cardiac Imaging: 1.5T vs 3.0T - Where's the Benefit?
	Interventional CMR
	Cardiac Intervention





